A series of laser welds have been made on several materials using a Rofin-Sinar DY-033, 3.3 kW, Diode-Pumped Continuous Wave (CW) Nd:YAG laser system, located at Los Alamos National Laboratory. Materials welded in these experiments include 21-6-9 stainless steel, 304L stainless steel, vanadium, and tantalum. The effects of changes in the power input at a constant travel speed on the depth, width, aspect ratio, and total melted area of the welds have been analyzed. Increases in the measured weld pool dimensions as a function of power input are compared for each of the base metals investigated. These results provide a basis for further examining the characteristics of diode pumped CW Nd:YAG laser systems in welding applications.
Introduction
High-power, pulsed Nd:YAG lasers have long been available for industrial welding applications. The recent development of kilowatt-range continuous-wave (CW) Nd:YAG lasers, which deliver a high energy beam to the material continuously rather than in discreet pulses, may provide several advantages over pulsed systems. For example, the steady beam behavior exhibited by CW systems allows for greater travel speeds, as they are not limited by pulse rate and pulse overlap, to achieve exacting weld dimensions in high-precision applications.
Diode-pumped lasers also offer greater flexibility and reliability over their traditional flash lamp pumped counterparts. Diode lifetimes are long and the diode modules are easily replaceable upon failure, thus keeping laser down-time to a minimum. Beam quality in such systems is generally superior to that obtained by lamp pumping, due to pumping at the high absorption wavelengths of the laser rod, which reduces heat and thermal lensing of the rod. This feature allows for tighter beam control and higher energy densities due to the smaller focal spot sizes, resulting in faster travel speeds. Diode pumping is also more efficient, which reduces the footprint of the system and requires less power to operate. The output of such diode-pumped CW Nd:YAG lasers can also be introduced, via small diameter fibers, into a controlled operating environment, such as an atmospheric chamber.
The objective of this report is to determine the exact behavior of one such diode-pumped cw Nd:YAG laser welding system-a 3.3 kW Rofin Sinar DY-033 currently installed and operating at Los Alamos National Laboratory-on various materials, in preparation for the installation of a similar system (the 2.2 kW model) at Lawrence Livermore National Laboratory. In particular, we wish to examine how the resulting depth, width, and weld geometry vary with power, incident beam angle for welding refractory metals, and changes in the shielding gas. As a secondary goal, we have evaluated the Los Alamos system for its ease of use and its overall robustness.
Experimental
A Rofin-Sinar DY-033, 3.3 kW, diode pumped cw Nd:YAG laser, located at Los Alamos National Laboratory, has been used to produce welds on several materials, including 304L stainless steel, 21-6-9 stainless steel, vanadium (with 0.0340 wt.% Si, 0.0052 wt.% C, 0.0004 wt.% H, 0.0170 wt.% N, and 0.0100 wt.% O), and tantalum (< 0.002 wt.% C, < 0.0003 wt.% H, < 0.002 wt.% N, and < 0.0050 wt.% O). The chemical compositions of the two stainless steels used in these experiments are given in Table 1 , and a summary of the physical properties of each material is given in Table 2 . The output beam of the Rofin Sinar DY-033 is delivered through a 400 µm fiber, collimated using a 120 mm focal-length collimating lens, and subsequently passed through a 160 mm focal-length focusing lens. After traveling through this optics path, the laser spot size is calculated to be approximately 530 µm in diameter. Each weld is made with the laser spot focused on the surface of the sample.
Weld coupons 6 inches in length, 0.4 inch in width, and 0.120 inch in thickness, except the tantalum samples, which are 0.130 inch thick, are used here. A step joint equal to 50% of the sample thickness has also been machined along the length of one side of each welding coupon in order to create a step geometry for the butt weld joint. A schematic diagram of the cross section of the joint geometry is shown in Figure 1 , showing where the laser beam contacts the material surface and the relative location of the step with respect to the laser spot.
Three welds, each 1.5" in length, are made on each set of weld coupons. Shielding of the weld pool is provided by the delivery of argon or helium across the sample surface. Constant flow rates of 90 cfh for the helium and 30 cfh for the argon have been used. In addition to the shielding, a portable HEPA filtering system is used for fume extraction. The effects of changes in the power, shielding gas, and incident angle of the laser beam on the sample on the resulting weld pool shape and size have been investigated. Table 3 gives an overview of the various welding parameters used for each material. Since the stainless steel and vanadium samples have been welded under nearly identical conditions, except for a difference in the head tilt angle, they are considered together here.
The tantalum samples have been welded under conditions different from those used in the other samples, making the results not easily comparable with the other materials. Refractory metals, such as tantalum, display high melting points and relatively high powers are required to weld in a conduction mode of melting. Back reflections of the laser light off the molten pool surface could damage the delivery optics. Therefore, during the welding of the vanadium and tantalum samples, the head of the laser has been tilted at angles of 10º and 20º as a precautionary measure. The inclusion of this tilt, which is not necessary in full penetration or deep keyhole mode welding or in the welding of the stainless steel samples, helps to alleviate this concern at the power levels studied here. After welding, cross sectional samples have been cut from each weld, mounted, polished, and etched using standard metallographic procedures. The 21-6-9 and 304L stainless steel samples have been etched using an electrolytic oxalic acid etch, while the vanadium and several of the tantalum samples have been etched using a glycerol-HF-HNO 3 solution. Several other tantalum samples have been etched using a water-ammonium bifluoride-HNO 3 solution. This second etchant has been used on tantalum samples when the first glycerol etchant proved insufficient in bringing out the desired microstructure. In each case, the etchant has been used to reveal the fusion zone of each weld in order that its size and shape could be quantified. Measurements of the depth of penetration, the width at the top surface, the aspect ratio (depth/width), and the total melted area are then made on each weld cross section using a commercial image analysis software package (Image Pro Plus, v. 4.1, Media Cybernetics, Inc., Silver Spring, MD).
Results and Discussion

Stainless Steel and Vanadium Welds
The measurements made on the stainless steel and vanadium samples welded at a travel speed of 45 in/min with helium and argon shielding are shown in Tables 4 and 5, respectively.
In each table, the weld depth, width at the top surface, aspect ratio (defined here as depth/width), and the total melted area are shown for each power setting along with a brief description of the weld cross section. Micrographs of the weld cross section and the weld surface for each weld are shown in Appendices I to III.
Each observed cross section can be described as either a conduction mode, a keyhole mode, or a full penetration (through thickness) weld. For the 21-6-9 stainless steel, keyhole penetration dominates at powers above 500 W, for both a helium and argon shielding gas. A full penetration weld is observed at powers of 1250 and 1500 W. Similar behavior is observed with the 304L weld samples, except that a full penetration weld is not made with powers less than 1500 W. On the other hand, the vanadium weld samples prove to be much harder to melt. In fact, at 250 W, only the surface of the vanadium sample is melted, leaving no discernible weld pool, and a keyhole penetration is not observed below a power setting of 1000 W. A full penetration weld is not formed until a power setting of 2250 W, which is significantly higher than the powers required for the stainless steel samples, is reached.
Further examination of the weld cross sections from each material reveals the presence of porosity in several of the welds. The porosity primarily appears in the 304L and vanadium samples at higher powers. For example, porosity appears in the 304L samples at powers above 1000 W with a helium shielding gas and 750 W with an argon shielding gas. These welds are either keyhole mode or full penetration, and the porosity appears primarily near the bottom of the keyhole. In the vanadium samples, porosity appears at powers above 1250 W. Like the 304L welds, these welds are either keyhole mode or full penetration welds, and the porosity primarily appears in the region near the bottom of the keyhole. On the other hand, the 21-6-9 samples display little porosity at a laser power of 750 W with a helium shielding gas, where porosity is observed near the bottom of the keyhole. Since this study is not concerned with porosity formation in these alloys, the mechanisms governing porosity formation in the various alloys are not considered here.
Comparisons of the weld depth and width measurements for each material and power setting using helium as the shielding gas and at a travel speed of 45 in/min are shown in Figures 2 and 3, respectively. Rather significant differences in the behavioral trends of the width and depth with increases in the power are observed in these figures. For example, the three materials show a consistent increase in the measured weld depth with increasing power until the depth reaches the thickness of the welding coupon in Figure 2 . Of the three materials examined in this figure, the 21-6-9 stainless steel samples show the greatest depths at each power setting, followed by the 304L stainless steel and the vanadium welds. On the other hand, the variation in weld width with increasing power does not display a similarly consistent trend. As shown in Figure 3 , only the vanadium samples demonstrate a consistent increase in the weld width with increasing power. The weld widths measured in the stainless steel samples level out and even decreases at the higher power levels where full penetration welds are made. A comparison with the 21-6-9 welds also shows that these welds become much wider than the 21-6-9 welds at the higher powers where full penetration welds are observed.
Measurements of the weld depth and width have also been made for samples welded using an argon shielding gas at different power levels with a travel speed of 45 in/min. Figures 4 show these measurements as a function of power for the two stainless steel and vanadium welds. Even though a rather narrow power range is examined, trends similar to those observed with a helium shielding gas are also present with argon. In Figure 4 , which shows the weld depth as a function of power, the depth increases with increasing power for all three materials, with the 21-6-9
showing the greatest depth. The weld width also increases with increasing power, as shown in Figure 5 . Like the observations made with a helium shielding gas, the 304L welds display a greater width than the 21-6-9 and vanadium welds. In fact, a comparison of the weld widths and depths for both helium and argon shielding gases in Tables 4 and 5, shows that there is little difference between these values, indicating that the choice of shielding gas may have little effect on the resulting weld size.
In addition to measurements of the weld width and depth, the aspect ratio, represented as the depth to width ratio, and the total melted area of each weld have been measured. Examination of these parameters provides more information concerning the general shape of the weld pool and the melting efficiency of the laser at the various power settings. Figures 6 and 7 show the measured aspect ratios and areas of each weld as a function of power with helium shielding gas. As shown in each figure, the general trends for the aspect ratio and total melted area are not as drastically affected by the weld reaching full penetration as the depth and width have been.
Both the aspect ratio and the total melted area of each material generally increase with increasing power. The 21-6-9 stainless steel samples display the greatest depth/width ratio over the entire range of powers, reaching to a depth twice that of the measured width at 1500 W.
Even though several vanadium samples have been welded at higher powers than stainless steels, the aspect ratios, even at a power of 2250 W, are far below those measured in the stainless steels.
The same is not true for the observed trends in the total area of the weld pool as a function of power. At powers below 1500 W, the areas of the stainless steel samples consistently exceed those of the vanadium welds. With increasing power levels up to 2250 W, the areas of the vanadium welds continue to increase to levels nearly 1.5 times that observed in the stainless steels. Figures 8 and 9 show the aspect ratios and melted areas of each weld with an argon shielding gas. Even though the power distribution over which the measurements are made is much smaller than that for the helium shielding gas conditions, the same general trends observed previously are also present here. For example, the aspect ratio-power relationships, shown in Figure 8 , closely resemble that observed in Figure 6 . The aspect ratio and total melted area for each ma terial show a general increase over the range of powers analyzed, and the 21-6-9 welds display the highest depth/width ratios and total melted areas over the range of powers analyzed. On the other hand, the vanadium welds show a much smaller aspect ratio at the lower powers with the argon shielding gas when compared with the helium shielding gas. As the power is increased, the values converge.
Tantalum Welds
In addition to the 21-6-9 and 304L stainless steel and vanadium welds described above, tantalum samples with the same sample geometry have been welded. Micrographs of the top surface and cross section of each weld are shown in Appendix IV. Measurements similar to those described above have also been made on a series of tantalum welds made with different laser tilt angles, travel speeds, shielding gases, and power inputs. A summary of these measurements and welding conditions along with a description of each weld cross section is given in Table 6. It is apparent from both the micrographs in Appendix IV and the measurements of the weld cross sections that higher powers are required to achieve weld pool dimensions similar to the above materials. For example, over the power levels tested here, no tantalum weld displays full penetration, which is observed at the higher power levels for the other three materials. In addition, a keyhole mode weld is not observed in the tantalum samples below powers of 1500 W.
Even then, the keyhole shape in the weld pool cross section is not as well defined as that observed in the stainless steel welds.
An examination of the weld cross sections and top surfaces in Appendix IV for each welding condition shows porosity and a degree of undercutting in the tantalum welds at powers above 1000 W with a 10 head tilt and a 30 in/min travel speed with helium shielding. The porosity appears primarily near the root of the weld, in both conduction mode (1000 W) and keyhole mode welds. These same welds also show undercutting on the top surface of the welds. In addition to the porosity and undercutting, there is also a significant amount of cracking present in the weld cross section at a power of 1750 W. The other welding conditions studied here display much different characteristics. With a 20º head tilt at this travel speed, there is no visible porosity in the weld cross section below a power of 2000 W. As the travel speed is increased to 45 in/min, no porosity is observed at either tilt angle or shielding gas or over the range of powers.
The effects of changes in the tilt angle on the weld depth, width, aspect ratio, and total melted area at a travel speed of 30 in/min are shown in Figures 10 to 13 . Measurements taken at each tilt angle shows a general increase as the power is increased, much like the conditions observed with the stainless steel and vanadium samples. On the other hand, the magnitudes of each of the measurements on the tantalum welds are on the same level as the vanadium welds, which are much below the values measured in the stainless steel welds. Overall, there is little difference between the measurements made at each tilt angle. Therefore, it is apparent that the change in tilt angle has a rather minimal effect on the resulting weld properties, at least at this slower travel speed. When a more rapid travel speed of 45 in/min is attempted, the tilt angle has a more marked effect on the resulting weld pool dimensions. For example, no melting is observed with a head tilt of 20º with powers of up to 3 kW. With a 10º head tilt, though, melting of the tantalum is observed.
The effects of changes in the shielding gas at a single tilt angle and a travel speed of 45 in/min on the relationships between the weld depth, width, aspect ratio, and total melted area are shown in Figures 14 to 17 , respectively. Even though the range of powers analyzed is rather limited, there is a general increase in the size of the weld parameters with an increase in power, albeit rather small. Overall, there is little difference between the measurements made with an argon or helium shielding gas, indicating that there is also a minimal effect of the shielding gas choice on the resulting weld at a given power.
Summary and Conclusions
A series of welds have been made on 21-6-9, 304L, vanadium, and tantalum samples using a 3.3 kW CW Nd:YAG laser. Measurements of the weld depth, width, aspect ratio (depth/width ratio), and the total melted area are reported here for these materials over a range of powers and for helium and argon shielding gases. All of the materials discussed here are weldable, to a varying degree, with this cw Nd:YAG laser. Each material, though, displays a transition from conduction to keyhole modes at different power density levels. Of these materials, the 21-6-9 stainless steel transitions to a keyhole mode and full penetration at the lowest power levels, while tantalum displays the highest powers for this transition and never reaches full penetration. Reasons for these differences in weld pool shape and size between these materials have not been pursued here but require further study in the future.
Analysis of the measurements of the weld pool cross sections, including the weld width, depth, aspect ratio, and total melted area, shows that increases in power result in increases in these weld pool dimensions. Of the weld dimensions studied, the aspect ratio (depth/width) and the total melted area display the most consistent trends and are least affected when the weld reaches full penetration. Changes in weld parameters other than power, to include the shielding gas choice and the head tilt angle for tantalum, appear to have little to no effect on the resulting weld pool dimensions. Table 2 . Summary of physical properties of materials used in this study. 
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